The high susceptibility of human immunoglobulin D to proteolytic degradation affects its biological function, metabolism, and immunoassay. High-pressure liquid chromatography was used to investigate the mechanism and rate of limited proteolytic cleavage of IgD and also to identify, isolate, and quantify the reaction products. Within 1 to 5 min, tryptic digestion of native IgD almost quantitatively yields a labile Fab fragment, a stable Fc fragment, and a highly charged peptide derived from the hinge region. A galactosamine-rich glycopeptide from the hinge region increases inversely as the Fab is largely degraded to a series of peptides within 1 hr. In contrast, the Fc and the high-charge peptide resist proteolysis for more than 24 hr. The initial sites of cleavage of IgD occur in the hinge region at exposed secondary structures predicted to be (-turns. Concomitant with removal of the galactosaminerich glycopeptide at its carboxyl terminus, the Fd fragment is rapidly and rather randomly degraded, but the light chain is somewhat more resistant than the Fd section of the 8 heavy chain. This study of the rapid rate of proteolysis ofIgD explains the rarity with which intact IgD is found in human sera. It also raises questions about immunoassay of IgD, which is usually measured with antisera against Fc. In vivo, proteolytic cleavage initiates the catabolism of circulating IgD and also affects the role and fate of IgD as an antigen receptor on the B-cell membrane.
Unlike other immunoglobulins, human IgD has been little studied because its low concentration in normal serum and its great susceptibility to proteolytic degradation make it difficult to purify intact IgD for structural study. Nonetheless, the complete amino acid sequence of a human myeloma IgD protein has been determined in our laboratory (1) (2) (3) . The sequence of the constant (C) region of the 8 heavy chain was subsequently confirmed by analysis ofthe genomic sequence by White et al. (4) . The principal biological function attributed to IgD is to serve as a membrane-bound receptor for antigen when it is coexpressed with IgM on the surface of differentiating B lymphocytes (5, 6) . In this process IgD is believed to undergo proteolysis to form Fab and Fc fragments; then Fab is degraded, whereas Fc is endocytosed. Because sensitivity to proteolysis is a hallmark of IgD and apparently is associated with its biological function, we have investigated the mechanism and the rate of limited cleavage of human IgD by trypsin and other proteolytic enzymes. This article illustrates the application of HPLC to the quantitative study of the time course of the proteolysis of undenatured IgD, to the isolation and structural analysis of the reaction products, and to the identification of the sites of initial cleavage. HPLC gives quantitative values and permits isolation of fragments in quantities suitable for sequence analysis; it also allows visualization and recovery of smaller peptides that are not detectable by NaDodSO4/PAGE and similar methods.
MATERIALS AND METHODS Materials. Human IgD was prepared from the plasma of patient WAH as described (7, 8) . In some experiments a second IgD, designated HUD, was used. The sources of trypsin and other enzymes and reagents (1, 3, 8) and of equipment, columns, and reagents for HPLC (9, 10) have been reported.
Methods. Methods used in our laboratory for the determination of the primary structure of proteins and for their physical and immunochemical characterization (1, 3, (7) (8) (9) (10) and the methods for computer analysis of sequence data (11) and for HPLC (9, 10) In the time-course experiments an HPLC system described elsewhere (9, 10) tTo whom reprint requests should be addressed.
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Hexosamine analysis was done with the amino acid analyzer, after acid hydrolysis (1) (2) (3) 11) .
RESULTS
Limited Cleavage of IgD with Trypsin. Undenatured WAH IgD was digested with trypsin at 37TC, and samples were removed for analysis beginning at 0.5 min and at progressively increasing times up to 24 hr. At zero time, some fragments of low molecular weight were present in small amount, probably because of autolytic degradation, but most of the IgD was in the form of the monomer (Mr 175,000) and higher aggregates that did not penetrate the gel. There was some heterogeneity probably due to differences in degree of glycosylation; for example, we have shown that Asn-445 in the 8 chain of IgD is only partially glycosylated (9) . Within 0.5 min most of the IgD was cleaved into Fab and Fc fragments and a small amount of peptides of lower molecular weight (Fig. 1) Proteolysis of IgD with Other Enzymes. The digestion pattern of WAH IgD obtained with plasmin was very similar to that for trypsin, but the rate of cleavage into Fab and Fc and the degradation of the Fab were much slower. Kallikrein gave a different pattern, in that four fragments were formed initially. Two of these (Mr 100,000 and 88,000) remained after digestion for 24 hr, but the other two (Mr 64,000 and 57,000) were degraded. It appeared that kallikrein cleaved IgD at two different positions in the C81 domain. Pepsin rapidly degraded IgD but also gave a different fragmentation pattern. By 5 min most of the IgD was split into a number of small fragments and a large one (Mr 125,000). Reduction showed that the latter was a dimer with monomer molecular weight of about 60,000; on further digestion this yielded a Mr 24,000 fragment that was stable up to 24 hr. The structure of the fragments produced by plasmin, kallikrein, and pepsin was not investigated by sequence analysis as was done for the tryptic fragments (see below); however, analysis of the fragmentation patterns indicated that all four proteolytic enzymes first attacked one or more sites in the C81 domain and hinge region of the 8 chain and produced a stable fragment derived from the Fc region.
Preparative Isolation of IgD Tryptic Fragments and Identification by Sequence Analysis. To identify the sites ofcleavage and the major fragments produced, IgD was digested on a preparative scale with trypsin for 24 hr at 37°C. A precipitate formed, which mainly contained low molecular weight peptides. The precipitate was washed, dissolved in 8 M urea/0.1% trifluoroacetic acid, and applied to a Synchropak RP-P column. Several peptides were isolated and were identified by sequence analysis. These tryptic peptides were rich in aromatic amino acids, which explains their insolubility. They (Fig. 2) . Reversedphase chromatography on the Synchropak RP-P column separated the smaller peptides and the hinge peptides from the Fab and Fc fragments, but the latter were eluted close together in this system (Fig. 3) . Fig. 2 illustrates the almost instantaneous cleavage of IgD into the Fab and Fc fragments, followed by rapid degradation of Fab. The Fab fragment essentially disappeared within 1 hr and was converted to peptides that aggregated. Hence, reversed-phase chromatography was used to follow the time course of the appearance of the peptides; these were largely derived from Fab and the hinge region (Fig. 3) . The first peptides to appear came from the hinge region. These consisted of the high-charge peptide and other small, largely basic peptides that were eluted together after 7 min and also the GalN-rich peptide, which had a retention time of 26 min. The two major peptides originating from the hinge region reached a maximum at 30 min and persisted for 24 hr (Fig. 3) Fig. 4 . This shows the yields of Fab and Fc as a function of time; it also shows the yields of the GalN-rich peptide and the high-charge peptide derived from the hinge region. The high-charge peptide and the Fab and Fc fragments reached a maximum at about 1 min, whereas the maximum yield of the GaiN-rich peptide required about 1 hr. This suggests that the initial tryptic cleavage of IgD occurred on both sides of the high-charge peptide, with the release of several small peptides (see Fig.   1 ). Initially, the GalN-rich peptide probably remained attached to the Fd portion of Fab, for the rapid degradation of Fab paralleled the appearance of the GaiN-rich peptide, as is shown by the inverse relationship of their yields (Fig. 4) . 
DISCUSSION
The sites of tryptic cleavage of the IgD hinge region are consistent with its predicted secondary structure. In the predicted conformation a (-turn (the sequence GRGG in Fig.  1 ) separates the random structure of the GaiN-rich peptide from the highly charged a-helical region (EEKKKEKEKE-EQEERE in Fig. 1 ). Trypsin cuts in the middle of the (-turn to yield the highly resistant GaIN-rich peptide, which is shielded from further hydrolysis by the bulky GaiN oligosaccharides adjacent to the peptide's only bond susceptible to (Fig. 2) , and values for the GalN-rich glycopeptide and the highcharge peptide had to be determined by use of the RP-P column (Fig.  3) . The yields (% of theoretical) of the Fab and Fc fragments were calculated from the absorbance at 280 nm, and the yields of the peptides were based on amino acid analyses.
greatly in their susceptibility to limited cleavage by proteolytic enzymes, including trypsin, papain, pepsin, and plasma serine esterases such as plasmin (12) . In general, IgG1 is readily cleaved to yield Fab and Fc fragments, IgG2 and IgM are more resistant, IgAl is split only by an IgAl protease from pathogenic bacteria, and IgA2 is not cleaved by any known protease. The unique structure of each immunoglobulin type and the protease specificity determine the susceptibility to cleavage, the size and stability of the fragments formed, and the sites of cleavage. These factors affect the biological functions and the catabolism of antibodies and also of their membrane counterparts, the antigen receptors of the B cell.
Of all known classes of immunoglobulins, human IgD is the most susceptible to proteolytic degradation. Yet Because intact IgD is very difficult to isolate from normal human serum, the usual source is the serum from the infrequent patients with multiple myeloma who produce a great excess of IgD (1-3) . In a separate study of the sera of about 50 such patients we found fragmented IgD present in all cases, and usually it was the predominant form. We then sent a questionnaire to all listed commercial suppliers of animal antisera for measurement of IgD in the clinical laboratory. With two exceptions, we found that the antiserum had been prepared against the FcS fragment rather than against intact IgD. This suggests that most clinical laboratories assay Fc 8 rather than IgD.
Although IgD is reported to be present in the sera of many species (13) , intact IgD containing the four domains shown in Fig. 1 (VH, C81, Ca2, and C,83) has been isolated in significant amounts only from the human. Little is known about the IgD in most species. Gene sequencing has indicated that the IgD of both the mouse (6) and the rat (14) have a three-domain structure with a deletion of C82 and a shortened hinge region. (16) and to the gag-encoded polypeptide of the simian sarcoma virus (17) . The surface protein of the sporozoite contains 12 copies of the 12-residue sequence shown at left.
are functional in any way, except perhaps as a B-cell antigen receptor (15) .
The evolutionary origin of the human 8 hinge has been puzzling because of its division into two segments encoded by separate exons (3, 4) and because it has no homology to the hinge region of other immunoglobulin isotypes (2, 6) . Furthermore, although the 8 hinges of the mouse (4) and the rat (14) are homologous to the human GalN-rich segment, the rodents lack the second hinge exon and the corresponding high-charge segment. There is no precedent for such a missing exon in other immunoglobulin isotypes. On the basis of computer searches of the protein sequence data base, we and our coworkers had suggested (1-3) that the first hinge exon, encoding the GalN-rich segment, may have been derived from the exon encoding the second C-region domain of the ,i chain (CQ2). Two further observations have resulted from the present work: the first is the stability of the two hinge peptides described above, and the second is the surprising homology of these hinge peptides to malaria parasite antigens and to sequences in the gag polypeptide of oncogenic viruses (Fig. 5) . The stability of the two hinge peptides lends support to our suggestion that these peptides, when released, may exert some hormone-like or triggering effect on either T or B cells (2) . There is increasing evidence that peptides derived by proteolysis of immunoglobulins may have effects on the immune response (12) .
The significance of the homology of the 8 hinge peptides to malarial and oncogene sequences is more speculative. One possibility is that the second hinge exon may represent translocation of a foreign gene sequence into the genomic sequence of the human 8 chain. Translocations of myc and other oncogene sequences to the immunoglobulin genomic structure are being reported with increasing frequency (12) . Because of the recombinant nature of immunoglobulin gene expression, such inserted sequences could be productive, and the second 8 hinge exon may represent an example ofthis phenomenon. This idea is also supported by the fact that all of the RNA-splicing signals at the exon boundaries of the genomic sequence of the 8 chain follow the GT/AG rule, but the donor site of the second 8 hinge exon is most unusual in having three pyrimidine residues after the GT (4). A similar pyrimidine-rich sequence is seen only in exon 4 ofadenovirus (4).
This work illustrates the application of HPLC to the analysis ofthe mechanism and kinetics ofenzymatic cleavage of a protein that produces both stable fragments and transient intermediates. Quantitative recovery and structural study of a variety of products that differ greatly in size, charge, and structure are difficult. Usually several different methods are required, and these often entail progressive loss of material. In this study, HPLC offered many advantages, including quantification of the yield of the proteolytic products as a function of time and isolation of both large fragments and small peptides in an amount and form suitable for structural study. Widespread application of HPLC to study of similar problems may be anticipated.
